Abstract. Alanine and arginine rich domain containing protein (Aard) is specifically expressed in Sertoli cells (SCs) of mouse testis and the expression increases in an age-dependent manner. A number of previous studies have indicated that androgen and androgen receptor (AR) signaling pathways are particularly important for spermatogenesis in mouse SCs, however, the association between Aard and AR remain to be elucidated. The present study identified Aard as a gene that is directly regulated by AR in mouse SCs, which is important in spermatogenesis. The expression of AARD was significantly downregulated in the testes of Sertoli cell-selective AR knockout mice compared with wild-type mice as analyzed by western blotting and immunofluorescence analyses. Quantitative polymerase chain reaction and western blotting indicated that AARD was predominantly expressed in adult mouse testis and its expression was increased in an age-dependent manner. In addition, AARD expression was upregulated by testosterone in primary SCs in vitro, which was confirmed by bioinformatics analysis and a dual-luciferase reporter assay. Finally, chromatin immunoprecipitation and electrophoretic mobility shift assays indicated that the ligand-bound AR activated Aard transcription via directly binding to the androgen-responsive element of the Aard promoter. To the best of our knowledge, the present study is the first to document that Aard is directly regulated by AR in mouse Sertoli cells.
Introduction
Androgen and the androgen receptor (AR) are essential in male spermatogenesis and fertility (1) (2) (3) . AR mediates physiological and pathophysiological effects of androgens by binding to genomic androgen response elements (AREs) of target genes (4, 5) . In human, mutations in the AR gene can result in male infertility and cancer, including androgen insensitivity and testicular feminization syndrome, breast carcinoma and prostate cancer (6) (7) (8) . Similarly, constitutive AR knockout mice exhibit complete androgen insensitivity with testes that are larger and located at the abdomen, and their germ-cell development is severely disrupted (9) .
Previous studies have demonstrated that germ cells do not express AR, and the effect of androgens on spermatogenesis is predominantly mediated via Sertoli cells (SCs). Sertoli cell-selective AR knockout (SCARKO) mice exhibit a complete disruption of meiosis, which demonstrates that SCs are important in regulating spermatogenesis (10) (11) (12) .
Although gene expression profile analysis demonstrated that a number of genes were regulated by androgens in mouse SCs, only a few genes have been identified as candidate target genes for AR, including ubiquitin conjugating enzyme E2 B, heat shock factor protein 1, reproductive homeobox 5 (Rhox5) and tubulin β3 class III (Tubb3) (13) (14) (15) (16) . However, AR function during spermatogenesis is still not well understood. Further research is essential to determine which target genes are physiologically relevant and may be useful as diagnostic or therapy targets to modulate the effects of ARs in spermatogenesis.
The mouse alanine and arginine rich domain containing protein (Aard) gene was first identified as a gene exhibiting sexually dimorphic expression in fetal gonads using polymerase chain reaction (PCR)-based cDNA subtraction analysis. A previous study demonstrated that AARD was specifically expressed at higher levels in the testes of the developing mouse embryo relative to the ovaries and other tissues. Strong testis-specific expression of AARD was also detected in the adult mouse (17) . Furthermore, AARD is exclusively located in SCs of XY gonads during sex differentiation (17) . Notably, a previous study using digital gene expression analysis data also demonstrated that the Aard gene was markedly downregulated in SCARKO mouse testes compared with wild-type (WT) mice (18 The present study identified the AARD was specifically expressed in Sertoli cells (SCs) of the mouse testis and increased in an age-dependent manner, and its expression was markedly downregulated in SCARKO mouse testes. The chromatin immunoprecipitation and electrophoretic mobility shift assays demonstrated that Aard was a novel direct target gene of AR in mouse SCs. These observations suggest that the low expression of Aard in the testes of SCARKO mouse testes may be one of the factors that impair spermatogenesis and result in male infertility.
Materials and methods
Animals. C57BL/6 (n=30) and SCARKO (n=30) mice (8 weeks old) were obtained from the Model Animal Research Center of Nanjing University (Nanjing, China). Mice were housed in a pathogen-free environment at ~22˚C under a 12 h light/dark cycle. All the animals had free access to standard water and chow. All mice were treated according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. The study was approved by the ethics committee of Xiyuan Hospital of China Academy of Chinese Medical Science (Beijing, China).
Primary SCs cultures and transfection. Primary SCs were separated from 19-day-old mouse testes as previously described (19) . Cells were cultured at 37˚C in a 5% CO 2 humidified atmosphere with Dulbecco's modified Eagle's medium (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 10% fetal bovine serum (Invitrogen; Thermo Fisher Scientific, Inc.), and supplemented with 100 U/ml penicillin and 100 U/ml streptomycin (Invitrogen; Thermo Fisher Scientific, Inc.).
Primary SCs were seeded in a 6 or 24-well plate and transfected using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocols. AR siRNA (siAr) was obtained from Shanghai GenePharma, Co., Ltd. (Shanghai, China). The sequences were as follows: 5'-AGG ACU UGC UGU CAU UGA AAU GGA-3' for siAR; and 5'-CAG CAU AUU AGA AUA GCG CGACA-3' for siNC. Ar overexpression plasmid (pCDNA4.1-AR) and corresponding empty vector (pCDNA4.1) were synthesized by Thermo Fisher Scientific, Inc.
Quantitative PCR (qPCR). RNA was extracted from mouse tissues using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.). Total RNA extraction and qPCR reactions were performed as previously described (20) using the following kits: Reverse transcription, ReverPrimeScript RT Enzyme Mix I kit (Takara Bio, Inc., Otsu, Japan); qPCR, SYBR ® Premix EX Taq™Ⅱ PCR kit (Takara Bio, Inc.). The primers were as follows: Sense, 5'-AGA GCC CGC AGG ATA AGG AGAT-3' and antisense, 5'-AGT GTT AAT GCT AGG AGG GTT TCA-3' for mouse Aard; sense, 5'-CTC TTT CAA GGG AGG TTA CGCC-3' and antisense, 5'-CTG GTA TGC TGC TGC CTC GTCT-3' for AR; and sense, 5'-TTC CAG CCT TCC TTC TTG GGTAT-3' and antisense, 5'-GTT GGC ATA GAG GTC TTT ACGG-3' for Actb, which served as an internal control. The relative expression levels of Aard and AR were evaluated according to the 2 -ΔΔCq method (21) .
Western blotting. Protein extracts of different mouse tissues and primary SCs using radioimmunoprecipitation assay buffer (Invitrogen; Thermo Fisher Scientific, Inc.). The protein concentration was quantified using a bicinchoninic acid assay kit (Pierce; Thermo Fisher Scientific, Inc.). Samples (20 µg) were subjected to 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA, USA). Following blocking with 5% non-fat milk in Tris-buffered saline with Tween 20, the membrane was then incubated with anti-AARD antibody (1:500; Santa Cruz Biotechnology, Dallas, TX, USA; cat. no. sc-86960), anti-AR antibody (1:1,000; Abcam, Cambridge, UK; cat. no. ab133273), and anti-ACTB (1:10,000; Abcam; cat. no. ab8226) overnight at 4˚C, followed by horseradish peroxidase (HRP)-conjugated corresponding secondary antibody (1:2,000; Abcam; cat. no. ab97051) for 1 h at 37˚C. A chemiluminescence phototube-HRP kit (EMD Millipore, Billerica, MA, USA) was used to visualize the immunoreactive bands.
Immunofluorescence double staining. Adult mice were sacrificed using an intraperitoneal injection of 3% pentobarbital sodium (50 mg/kg) and the testes were fixed in 4% paraformaldehyde solution for 48 h at 37˚C. Tissues were processed into paraffin using standard techniques and sectioned at 3-4 µm thickness. Following blocking in 10% bovine serum albumin (Beyotime Institute of Biotechnology, Haimen, China), the sections were then incubated with the goat anti-AARD antibody (1:200) and rabbit anti-transcription factor SOX-9 (SOX9; 1:300; Abcam; cat. no. ab185230) antibody overnight at 4˚C. Sections were subsequently washed with phosphate-buffered saline and performed with appropriate fluorescein isothiocyanate-or tetramethylrhodamine-conjugated secondary antibodies (1:500; Abcam; cat. nos. ab6717 and ab6718, respectively) for 1 h at 37˚C. Finally, the sections were stained with Hoechst 33342 (1 mg/ml; Invitrogen; Thermo Fisher Scientific, Inc.). Representative sections were photographed using a laser scanning confocal microscope (Zeiss AG, Oberkochen, Germany) and images were analyzed using the Coreldraw 9 (Corel Corporation, Ottawa, Canada).
Plasmid construction and dual-luciferase reporter assay.
Bioinformatics analysis was performed in order to identify the potential ARE region in the Aard promoter. The promoter sequences of Aard were obtained using the National Center for Biotechnology Information (www.ncbi.nlm.nih.gov/) and the UCSC Genome bioinformatics brwoser (genome.ucsc.edu/). Subsequently, an ARE structure (TGTTCT) at position 1637 to 1632 in the region extending from -2000 bp relative to the Aard transcription initiation site was identified. Luciferase reporter plasmid assay was performed using the psiCHECK-2 as a basic vector. The Aard promoter (WT) was sub-cloned into psiCHECK-2 vector by KpnⅠ and NheⅠ sites. The primers for the Aard promoter was as follows: Forward, 5'-CGG GGT ACC AGG TAT GAG CTC CAC TCA GTA TTT-3' and reverse, 5'-CTA GCT AGC GCG GGG GCA GTT AAC GGA ACA GGC A-3'. The mutant Aard promoter (MUT) has the same sequence as the WT Aard promoter excluding the mutation at position -1637 to -1632 (TGT TCT to CAC CTC) was conducted using the QuickChange II site-directed mutagenesis kit (Stratagene; Agilent Technologies, Inc., Santa Clara, CA, USA) with appropriate primers according to the manufacturer's instructions. All recombinant plasmids were verified by DNA sequencing performed by Invitrogen (Thermo Fisher Scientific, Inc).
Primary SCs were seeded in a 24-well plate at ~4x10 4 cells/well, and transiently co-transfected with pcDNA4.1-AR or pcDNA4.1 empty vector together with recombinant psiCHECK-2 WT or MUT reporter plasmids using Lipofectamine 2000. After 6-8 h transfection, cells were treated with 10 nM testosterone or ethanol vehicle for 24 h. Firefly luciferase and Renilla activities were detected using the dual luciferase reporter system (Promega Corporation, Madison, WI, USA) with a Modulus™ Single Tube Multimode Reader (Bio-Systems International, Beloit, WI, USA). Firefly luciferase activity was used to normalize Renilla luciferase activity. Following normalization for transfection efficiency, induction factors were analyzed as the ratios of the mean value of the luciferase signal in the testosterone-stimulated samples compared with untreated samples. The mouse mammary tumor virus long terminal repeat served as a positive control.
Electrophoretic mobility shift assay (EMSA). EMSA was conducted using a Light-Shift Chemiluminescent EMSA kit (Thermo Fisher Scientific, Inc.), according to the manufacturer's protocols. Primary SCs were cultured in 100-mm dishes and transiently transfected with pcDNA4.1-AR or pcDNA4.1 empty vector for 24 h using Lipofectamine 2000. Subsequently, cells were treated with 10 nM testosterone for 24 h prior to the EMSA. The WT probe 5'-CAC CCC TGC CCC TGT TCT GTG TGC ACA CGT-3' and MUT probe 5'-CAC CCC TGC CCC CAC CTC GTG TGC ACA CGT-3' from the mouse Aard promoter, including the potential ARE structure (in bold), were obtained from Thermo Fisher Scientific, Inc., and treated using Biotin 3' End DNA Labeling kit (Pierce; Thermo Fisher Scientific, Inc.). Binding reactions were performed at 37˚C for 20 min in the binding buffer according to the manufacturer's protocols. Another 50-or 200-fold molar excess of the unlabeled WT probe was used for the competitive assay. Subsequently, the AR antibody (5 µl; 1:200) was added for AR super-shift analysis and incubated for 2 h at 37˚C. Finally, the DNA-protein complexes were separated in a 6% non-denaturing polyacrylamide gel by electrophoresis, transferred to nylon membranes and detected using enhanced chemiluminescence detection kit (Pierce; Thermo Fisher Scientific, Inc.) and a FluorChem M imaging system (ProteinSimple, San Jose, CA, USA).
Chromatin immunoprecipitation (ChIP) assay. Primary SCs were treated as described above for the EMSA assay. Samples without testosterone treatment were regarded as the negative control. The detailed procedure for extraction of chromatin from cells and subsequent chromatin immunoprecipitation reaction was performed as previously (22) . Immunoprecipitated DNA fragments were analyzed by semi-quantitative PCR amplification using primers for Aard. The primers for the Aard ARE bind region were as follows: Sense, 5'-CAG GTG CCA G CA CTA CAG A AC CAGT-3' and antisense, 5'-ACT GGT TCT GTA GTG CTG GCA CCTG-3'. The AR target genes, Rhox5 and Tubb3, served as positive controls. The primers for were as follows: Forward, 5'-G GA G G G CA A CAC CAG TCC CTG -3' a nd reverse, 5'-CTCGGTGTCGCAAAAGGGCA-3' for Rhox5 ARE bind region; and forward, 5'-TGG CCC CCA GAA CAG AAG-3' and reverse, 5'-TGG TGT TCC CAC TCT GTA CAATG-3' for Tubb3. The PCR was performed using EmeraldAmp PCR Master Mix kit (Takara Bio, Inc.) and the following cycling conditions: 98˚C for 2 min; 32 cycles of 98˚C for 10 sec, 60˚C for 30 sec and 72˚C for 30 sec; and 72˚C for 5 min. The amplified products were separated on a 2% agarose gel and visualized with ultraviolet imaging system (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Statistical analysis. Each experiment was repeated at least three times. Data were expressed as the mean ± standard error of the mean. Statistical analysis was analyzed using SSPS 16.0 (SPSS, Inc., Chicago, IL, USA). Student's t-test was used to compare the difference between different groups. P<0.05 was considered to indicate a statistically significant difference.
Results

Expression of AARD in SCARKO and WT mouse testes.
Previous microarray analysis data indicated that AARD was downregulated in SCARKO mouse testis (18) . Thus, AARD expression was first demonstrated in adult SCARKO and WT mouse testes using western blot and immunofluorescence analysis. Consistent with the expectations of the present study, the results demonstrated that AARD was significantly decreased in the testes of adult SCARKO mice compared with WT mice (P<0.05; Fig. 1A ). As presented in Fig. 1B , AARD protein was also downregulated in SCARKO mouse testes. AARD was exclusively located in the nucleus of SCs (Fig. 1C) , which was verified by co-immunostaining with SOX9, an approved SCs marker.
Temporal expression pattern of AARD during mouse testis development.
To investigate the function and underlying molecular mechanisms of AARD during mouse testis development, qPCR and western blotting were performed to evaluate the distribution of AARD expression in different adult mouse tissues. The results demonstrated that Aard mRNA and protein was predominantly expressed in mouse testis (Fig. 2A) . The temporal expression of AARD was further analyzed during postnatal testis development at mRNA and protein levels. As presented in the Fig. 2B , the data indicated that AARD is expressed in the testes during all stages and increased from the postnatal 1 week to 8 weeks, which suggested Aard may be important during the process of spermatogenesis.
Activation of AARD expression induced by testosterone in SCs in vitro.
To investigate whether testosterone can promote AARD expression, mediated via AR, primary SCs were transiently transfected with a pcDNA4.1-AR overexpression plasmid and treated with 10 nM testosterone for 24 h. The results indicated that AARD expression was significantly upregulated at the mRNA level (P<0.05) and markedly upregulated at the protein level, as compared with testosterone untreated samples (Fig. 3A) . However, the mRNA expression level of AARD was significantly downregulated (P<0.05) and the protein level notably downregulated following treatment of SCs with siAr oligonucleotides (Fig. 3B) . These results strongly indicated that AARD expression was activated by testosterone and mediated via AR. 
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Promotion of Aard promoter activity by testosterone in SCs. In order to assess the function of testosterone in the activation of the transcription of Aard, a dual-luciferase reporter assay was performed. Primary SCs were transfected with WT or MUT Aard promoter luciferase plasmids, and then were conducted with 10 nM testosterone. Notably, it was observed that the relative luciferase activity of WT Aard promoter was significantly promoted by testosterone (P<0.05), while sequences change from TGTTCT (-1637 to -1632) to CACCTC in the ARE blocked Aard promoter regulation by testosterone in SCs (Fig. 4) . Collectively, these results suggest that testosterone activated Aard, which is mediated via the AR by directly binding to the ARE in the Aard promoter.
Directly binding of AR to the ARE in Aard promoter.
To determine whether AR could directly bind to the ARE in Aard promoter, EMSA and ChIP assays were performed (Fig. 5A) . A putative ARE was observed in the Aard promoter using bioinformatics analysis. As presented in Fig. 5B , lane 1 was used as a negative control, the nuclear extracts of AR overexpressing SCs treated with 10 nM testosterone could notably bind to the WT ARE probe (lane 2). In addition, this binding 
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A ChIP assay was also conducted to assess the binding capacity of the AR to the ARE in the Aard promoter. SCs were transiently transfected with pcDNA4.1-AR overexpression plasmid and then treated with 10 nM testosterone. AR binding to the ARE of the Aard promoter (-1637 to-1632) was confirmed by semi-quantitative PCR amplification using primers for Aard in anti-AR antibody-treated samples compared with anti-IgG antibody (Fig. 5B) . These results indicate that AR has the ability to directly bind the Aard promoter DNA sequence.
Discussion
Normal spermatogenesis requires the action of androgen and the AR (1,23,24) . Although androgens are sufficient to drive spermatogenesis, the underlying molecular mechanisms require further elucidation. The present study identified Aard as a novel target of the AR in mouse SCs. The present study demonstrated that the AR upregulated Aard expression by directly binding to its promoter, which may provide information regarding the molecular mechanism for abnormal spermatogenesis and male infertility.
Aard is specifically located in mouse SCs. The presence of a predicted leucine-zipper domain and a phosphorylation site in the AARD protein domain suggested that AARD may be involved in transcriptional regulation or intracellular signal transduction pathways (25) . Based on analysis of SCARKO and WT mouse testes, the present study demonstrated that AARD had significantly reduced expression in SCARKO mouse testes compared with WT mouse. These functions of androgen on AARD expression were also observed following restoration To distinguish between the possibilities that the effect of androgens involved a direct interaction of the AR with the Aard gene or was indirectly mediated via an androgen-regulated intermediary transcription factor, functional AREs were searched for in the promoter region extending from -2000 bp relative to the Aard transcription initiation site. Previous studies demonstrated that the canonical ARE binding site is composed of a dimer to an inverted repeat segregated by three oligonucleotides (AGAACAnnnTGTTCT). The atypical AREs contain the half-site ARE sequence TGTTCT or the inverted complement AGAACA; head-to-head AREs [AGAACA (0-8 n) TGTTCT, n≠3]; tail-to-tail AREs [TGTTCT (0-8 n) AGAACA]; or ARE direct repeats [AGAACA (0-8 n) AGAACA] (26, 27) . Based on the above principles and combined with the matrix-scan tool of the regulatory sequences analysis tools software package (rsat.ulb.ac.be/rsat/), a potential ARE sequence (-1637 to-1632, TGTTCT) was observed to be located in the Aard promoter. This ARE binds to AR in vitro and is crucial for androgen-dependent reporter expression, based on the dual-luciferase reporter assay. Furthermore, EMSA and ChIP assays further proved that AR can directly bind to DNA in the Aard promoter.
In conclusion, the results of the present study indicate that Aard is a target of AR action in mouse SCs and suggest a novel finding by which the loss of AR function in SCs blocks spermatogenesis and results in male infertility. In normal mouse SCs, AR promotes AARD expression by directly binding to its promoter region. The loss of AR function resulted in a decrease in AARD expression in SCARKO mice. The relatively low expression in SCARKO mice may impair normal spermatogenesis, leading to male infertility. These results support a role for the AR-AARD axis in spermatogenesis, and further implicate the AR-AARD axis as a potential therapeutic target, particularly for those with male infertility resulting from aberrations in AR expression.
